halogenated inhaled anesthetics such as halothane and isoflurane inhibit the archetypical voltage-gated Kv3 channel homolog K-Shaw2 by stabilizing the resting/closed states. By contrast, sevoflurane, a more heavily fluorinated ether commonly used in general anesthesia, specifically activates K-Shaw2 currents at relevant concentrations (0.05-1 mM) in a rapid and reversible manner. The concentration dependence of this modulation is consistent with the presence of high and low affinity interactions (K D =0.06 and 4 mM, respectively). Sevoflurane (<1 mM) induces a negative shift in the conductancevoltage relation and increases the maximum conductance.
Furthermore, suggesting possible roles in general anesthesia, mammalian Kv1.2 and Kv1.5 channels display similar changes. Quantitative description of the observations by an economical allosteric model indicates that sevoflurane binding favors activation gating and eliminates an unstable inactivated state outside the activation pathway. This study casts light on the mechanism of the novel sevoflurane-dependent activation of Kv channels, which helps explain how closely related inhaled anesthetics achieve specific actions and suggests strategies to develop novel Kv channel activators.
INTRODUCTION
Despite the ubiquitous clinical use of general anesthetics, the molecular mechanisms of general anesthesia are not fully understood. Ion channels are among the most relevant targets, as their modulation by general anesthetics could explain both endpoints and side-effects of anesthesia (1) (2) (3) (4) (5) . Recent studies have strongly supported the presence of diverse general anesthetic sites in ligand-gated, voltage-gated and non-gated ion channels (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . However, a role of voltage-gated K + (Kv) channels in general anesthesia is uncertain, and there is still no general structural framework to predict anesthetic specificity and the mechanisms linking drug binding to functional modulation.
The modulatory effects of inhaled general anesthetics on ion channels are also diverse. These anesthetics can both activate and inhibit ion channels through mechanisms that may involve modulation of gating and/or permeation. Most notably, inhaled anesthetics potentiate ionotropic GABA A and glycine receptors and nongated two-pore domain K + channels, but inhibit other ionotropic receptors (e.g., nicotinic and glutamate receptors). Serotonin (5-HT3) receptors exhibit both inhibition and activation, which depends on the molecular volume of the anesthetic (6, 7, (16) (17) (18) (19) (20) (21) . The interactions of voltagegated ion channels with inhaled anesthetics are less well characterized and, to the best of our knowledge, the available studies of these targets report only inhibition by inhaled anesthetics (10, (22) (23) (24) (25) (26) (27) (28) (29) . Previously, we characterized the inhibition of the archetypical Drosophila voltage-gated K + (Kv) channel K-Shaw2 (a Kv3 homolog) by relevant concentrations of n-alcohols and inhaled anesthetics (30) (31) (32) (33) (34) . Furthermore, these studies indicate that the inhibition results from stabilizing the resting and closed states of the K-Shaw2 channel without affecting ion permeation (31, 34) .
To investigate more relevant general anesthetics and eventually dissect the inhaled anesthetic pharmacophore in voltage-gated ion channels, we tested diverse general anesthetics on K-Shaw2 expressed heterologously in Xenopus oocytes and discovered the novel and unique activation of this channel by sevoflurane at relevant concentrations (0.05 -1 mM). We hypothesized that sevoflurane induces rearrangements in the activation machinery of K-Shaw2, which changes the stability of the closed and/or open states. To test this hypothesis, we examined the following aspects: 1) time course and concentration dependence of the sevoflurane response; 2) voltage-dependence of the sevoflurane response; and 3) the kinetic basis of the sevoflurane-induced activation at steadystate. Additionally, we asked whether the activation by sevoflurane is conserved in mammalian Kv channels. We report the results of this work and discuss its implications in terms of a quantitative framework that explains the sevofluraneinduced activation and the possible contribution of this response to the mechanisms of general anesthesia.
EXPERIMENTAL PROCEDURES
Molecular Biology. All cDNAs encoding the investigated potassium channels (K-Shaw2, ShakerB (inactivation-removed), rKv1.2, hKv1.3, hKv1.5, rKv2.1, hKv3.4, and rKv4.2) were maintained as previously reported (Covarrubias et al., 1995) . The cDNAs encoding hKv1.3, Shaker-B and rKv1.2 and hKv1.5 were gifts from Drs. C. Deutsch (University of Pennsylvania), T. Hoshi (University of Pennsylvania), D. Minor (University of California, San Francisco) and Guiscard Seebohm (Ruhr University, Bochum, Germany), respectively. The K-Shaw2 F335A mutant was used as the "wild-type" background as it exhibits enhanced expression in Xenopus oocytes with minimal effects on anesthetic sensitivity. In vitro transcription was performed as previously described (34) .
Reagents. Volatile anesthetic stocks were diluted in in ND96 as previously described (33, 34 (31, 33, 34) . Briefly, oocytes were bathed in ND96 and electrophysiological recordings were performed using borosilicate microelectrodes with tip resistances of 0.2-0.5 MΩ when filled with 3 M KCl. Non-volatile drugs (1-butanol) and bath solution were delivered using a gravitydriven perfusion system. Volatile anesthetics were delivered manually using a Hamilton gastight syringe (Hamilton, Reno, NV) and PTFE tubing. Bath drainage was done by gravity flow. All responses were collected at steady state. Once a stable current baseline was established upon repeating a constant voltage step at 10-s intervals under constant perfusion of ND96, a given concentration of drug was delivered (see above) and the perfusion of drug was maintained until a new stable current level was reached (e.g., Fig. 1D ). Then, the drug was washed out and currents were recorded until a new stable baseline was reached. Voltage protocols to generate the peak chord conductance-voltage (G/V) curves were always applied once the responses reached steady state. Due to membrane retention of the lipophilic anesthetics used, only one anesthetic concentration was administered per oocyte and all control data was collected prior to drug administration. Data acquisition, processing and initial analysis were performed using pClamp 9.x (Molecular Devices, Sunnyvale, CA). Data analysis. Plotting, non-linear curve fitting and statistical evaluations were performed in OriginPro 8.0 (OriginLab, Northampton, MA). A Hill equation assuming two independent low-and highaffinity binding sites (Eq. 1) was necessary to describe the concentration-response curve for sevoflurane over a broad concentration range (A = 0.01 -10 mM).
Here, I S /I 0 is the normalized current (drug/control), B max indicates the maximum binding capacity for each site, K D indicates the apparent equilibrium dissociation constants, and C is a constant. Established statistical criteria were used to compare the one-site model against the two-site model (Supplemental Data, Fig. S1 ). This study focuses on the high-affinity interaction. Focusing on the relevant highaffinity interaction of sevoflurane (above), Scheme I served as the framework to generate Scheme II, an allosteric model that can explain the sevoflurane-dependent activation of the K-Shaw2 current.
Scheme II
Essentially, Scheme II assumes that highaffinity sevoflurane binding changes the energetics of activation gating. Accordingly, sevoflurane binds to the C and O conformations with equilibrium binding constants K 3 and K 4 , which introduces statedependent binding cooperativity (K 4 > K 3 ) and shifts gating to a mode that promotes opening (K 5 > K 1 ) and cannot access I. K 5 is voltage-dependent, and the equilibrium open probability (P o ) predicted by Scheme II is defined as follows:
Eq. (1) A is the sevoflurane concentration and K 1 K 4 = K 3 K 5 , as dictated by the principle of detailed balanced.
A three-step process was then used to determine the best-fits of Scheme II to two separate relations: the voltage dependence of the sevoflurane-dependent increase in conductance (G-Sevoflurane / GControl vs. voltage = G S /G 0 vs. voltage), and the concentration dependence of the sevoflurane-dependent activation (I S /I 0 vs. sevoflurane concentration). First, to initialize the fit of Scheme II to the G S /G 0 relationship, the voltage-dependent equilibrium constant K 1 was determined from the best-fit Boltzmann function that describes the G-V relation in the absence of sevoflurane as follows:
Here, K 1,0 is the equilibrium constant K 1 at 0 mV, z is the equivalent gating charge, V 1/2 is the voltage of half-activation, and F, R and T are Faraday's constant, gas constant and absolute temperature, respectively. K 4 was also fixed to the inverse of the apparent high-affinity equilibrium dissociation constant (1/K D1 ) obtained from the analysis of the concentration-response curve (Fig. 1B) . Second, the G S /G 0 relationship was evaluated at a concentration of sevoflurane that saturates the high affinity interaction (0.5 mM ~ 10K D1 ). The remaining adjustable parameters of Scheme II, z 2 , K 2 and K 3 , were allowed to vary to determine the best fit to the G S /G 0 vs. voltage curve and K 5 was calculated from detailed balance (above). The best-fit free parameters exhibited low dependencies (<0.58). Because the G S /G 0 vs. voltage relationship is only evaluated at a saturating concentration of sevoflurane, modeling of the concentration dependence is poorly constrained. Thus, in the third step of the analysis, the best-fit to the activationconcentration relation (I S /I 0 vs. A) was
optimized by only allowing K 1 to vary (all other parameters were fixed to the values determined in the second step), and K 4 was estimated from detailed balance (above). This modeling does not allow estimation of the absolute P omax of the channel. Given that the focus of the analysis is on the highaffinity sevoflurane interaction, the P o estimates are relative to the maximum activation resulting from this interaction.
RESULTS

Specific concentration-dependent activation of K-Shaw2 currents by sevoflurane.
Previous work with K-Shaw2 and halogenated anesthetics (33, 34, 37) prompted us to examine other clinically relevant general anesthetics. Thus, we constructed concentration-response relations to compare the inhibition of K-Shaw2 by 1-butanol and halothane to the effects of chloroform, isoflurane, desflurane, sevoflurane and propofol (Fig. 1A) . With distinct potencies, most anesthetics inhibit K-Shaw2 currents expressed in Xenopus oocytes. Surprisingly, sevoflurane, which is physicochemically related to isoflurane and desflurane, drastically deviates from this behavior. At all concentrations, this heavily fluorinated inhaled anesthetic increases the K-Shaw2 current (Fig. 1A) . The onset of this response is rapid (within the exchange time of the oocyte perfusion system) and reversible, even though the washout appeared to be generally slower that the onset (Fig. 1C and  1D ). To investigate the concentration dependence of the sevoflurane-dependent activation at equilibrium, we plotted the normalized plateau response against the sevoflurane concentration (Fig. 1B) . This curve was well described by assuming two independent binding sites with distinct apparent affinities for sevoflurane. Statistical criteria strongly favored the twosite model over the one-site model (Supplemental Data, Fig. S1 ). The apparent highand low-affinity equilibrium dissociation constants were 60 µM and 4000 µM, respectively ( Fig. 1C ; at -20 mV, see below). These results indicate that the fast reversible modulation of K-Shaw2 by sevoflurane occurs over a concentration range that is clinically relevant (minimum alveolar concentration is 350 µM) (38) . Given that relevant activation occurs in the sub-mM range of sevoflurane concentrations and the apparent equilibrium dissociation constants differ substantially (67-fold), further analysis was focused on the putative high-affinity site. Kinetic basis of the allosteric activation of K-Shaw2 by sevoflurane. To investigate the mechanism underlying K-Shaw2 activation by sevoflurane, we characterized the voltage dependence of this modulation by comparing the G-V relations in the absence and presence of the anesthetic at concentrations that saturate the high affinity site (0.5 and 1 mM) and described them assuming first-order Boltzmann functions ( Fig. 2A-B) . Sevoflurane namely induces a negative shift in the V 1/2 , and increases the G max ( Fig. 2C-D ; Supplemental Table S1 ). Thus, sevoflurane may induce a relative destabilization of closed/resting states. The sevoflurane-induced increase in G max additionally suggests a voltage-independent equilibrium outside the activation pathway, which, in the absence of sevoflurane, connects the O state to a non-conducting (Experimental Procedures). The latter state can in part be responsible for the low P o of K-Shaw2. Thus, sevoflurane could increase G max by eliminating access to an unstable inactivated state.
To investigate these possibilities more quantitatively and gain biophysical insight into the mechanism of action, we assumed a three-state gating scheme for KShaw2 (Scheme Then, we hypothesized that sevoflurane acts as an allosteric gating modifier that binds only to the C and O states (Fig. 3A) . Supporting this hypothesis, nearly identical parameter sets in Scheme II produced excellent quantitative descriptions of both voltage dependence (G S /G 0 vs. voltage) and concentration dependence (I S /I 0 vs. concentration) of K-Shaw2 activation by sevoflurane ( Fig. 3B-E) . Note that the kinetic modeling was constrained by experimental estimates of the equilibrium constants and, at most, 3/7 adjustable parameters were allowed to vary freely in this analysis (Experimental Procedures). Also, note that the non-conducting state I is necessary and sufficient to explain the apparent change in Gmax (Fig. 3B, Table S1 ). Sevoflurane shifts the G-V curves of mammalian Kv1.2, Kv1.5 and Drosophila ShakerB leftwards (-4, -2.2 and -3 mV, respectively) and increases the G max (~13-16% increase) (Fig. 4A-C , Supplemental Table S1 ). By contrast, other representative Shaker-related Kv channels in four distinct subfamilies (Kv1.3, Kv2.1, Kv3.4 and Kv4.2) are not modulated by sevoflurane (Fig 4D-F , Supplemental Table  S1 ).
DISCUSSION
We have reported the novel positive allosteric modulation of the Kv channel KShaw2 by sevoflurane, an inhaled anesthetic commonly used in general anesthesia. This action is in sharp contrast to the robust inhibition of this channel by the majority of general anesthetics. The specific activation results from high-affinity binding of sevoflurane to the channel, which allosterically favors activation gating and eliminates access to an unstable inactivated state. Moreover, sevoflurane similarly activates the Drosophila ShakerB channel and mammalian Kv1.2 and Kv1.5 channels. (40) . Thus, we propose that a three-state scheme assuming unstable voltageindependent inactivation from the open state to economically explain gating of K-Shaw2 (Scheme I).This simple framework is furthermore sufficient to explain the activation of K-Shaw2 by sevoflurane through binding to both the C and O states (Scheme II). With nearly identical parameter sets, Scheme II quantitatively accounts for both voltage-and concentration-dependent activation (Fig. 3) . In the allosteric loop, sevoflurane binds with higher affinity (1/K 4 ≈ 60 µM) to the open state, which favors voltage-dependent activation. Simultaneously, sevoflurane binding increases P omax because the favored sevoflurane-bound open channels do not enter I. Alternatively or additionally, the increase in G max might have resulted from an increase in the number of active channels and/or an increase in unitary conductance. The first possibility is unlikely because the reversible activation by sevoflurane is too fast (Fig. 1) to account for the insertion and removal of channels in the membrane. The data do not rule out the second possibility; however, the physical-chemical properties of sevoflurane do not suggest an obvious mechanism through which the non-polar anesthetic might directly increase the throughput of K + in the pore. Also, to the best of our knowledge, there is no precedent for changes in unitary conductance induced by inhaled anesthetics and related drugs in other ion channels. Limitations of kinetic modeling. Despite its simplicity and success in explaining KShaw2 voltage-dependent gating and its activation by sevoflurane, Scheme II as a detailed general mechanism needs corroboration by additional measurements and analyses. The kinetic analysis so far is only based on measurements of macroscopic whole-cell currents and the derived chord conductances, which cannot directly rule out changes in unitary conductance and number of active channels. Furthermore, the connectivity of the proposed states needs corroboration. Detailed single channel recordings designed to examine the voltage and concentration dependencies of K-Shaw2 activation by sevoflurane will be necessary to directly address these limitations and alternative hypotheses. Are mammalian Kv channels physiological targets of sevoflurane? We propose that the positive allosteric mechanism reported here for K-Shaw2 applies generally to the modulation of mammalian Kv1 channels by sevoflurane, which may act on the opening equilibrium at the end of the activation pathway. There are, however, relevant quantitative differences. Compared to the effects of 1 mM sevoflurane on K-Shaw2, Kv1.2 and Kv1.5 exhibit smaller changes in by guest on November 7, 2016 http://www.jbc.org/ Downloaded from activation V 1/2 and G max (Figs. 3 and 4) . However, Kv1.2, Kv1.5 and ShakerB exhibit a comparable increase in relative conductance (G S /G 0 ) over the voltage range where these channels undergo steep voltagedependent gating (Fig. 5) . This is a direct consequence of their greater sensitivity to voltage (associated with a large equivalent gating charge), such that a relatively small leftward shift of the G-V curve can have a major enhancing effect on the conductance within the most voltage sensitive region of the curve. Over a physiological range of membrane potentials (-60 to -40 mV), the actual sevoflurane-induced increase in K + conductance in the mammalian brain might thus have a substantial negative impact on neuronal excitability. Keeping in mind that Kv channels only exhibit activation by sevoflurane (other inhaled anesthetics at relevant concentrations have no effect on Kv channels), this specific action might be associated with hypoexcitability through modulation of the resting membrane potential and/or action potential firing. The specificity of sevoflurane action is nevertheless intriguing because anesthesia induced by different inhaled anesthetics is generally similar. In any event, it critically shows that specific proteins can differentially react to inhaled anesthetics despite the high similarity in their chemical structures and physicochemical properties. The dissection of an inhaled anesthetic pharmcophore and the design of improved inhaled anesthetics will have to take this specificity into consideration.
Mechanism of K-
Relationship to other ion channels.
Resembling the pharmacological profile of K-Shaw2, the ionotropic serotonin (5-HT3) receptor also exhibits differential dual modulation by inhaled anesthetics (20, (41) (42) (43) . However, these anesthetics appear to interact with this receptor in a noncompetitive manner and the anesthetic effect correlates with the molecular size of the drug used. These authors conclude that potentiating and inhibitory drugs may share a biding site, with their functional effect determined by molecular volume (43) . KShaw2 channels do not seem to conform to this correlation. Although K-Shaw2 exhibits an apparent n-alcohol potency cut-off at C7, all n-alcohols (C2 -C12) examined in a previous work induced inhibition (44) . Thus, sevoflurane is unique in its specific ability to activate K-Shaw2 currents. Determining whether its larger volume and heavier fluorination are responsible for this special property will require additional biochemical and structural work to systematically map the sevoflurane binding and allosteric sites in K-Shaw2 and the interactions involved.
Concluding remarks and implications.
Toward understanding the molecular mechanisms of general anesthesia, recent reports emphasized the need to investigate how halogenated inhaled anesthetics with very similar chemical properties can achieve functional specificity (45, 46) . This study offers insight into this problem by suggesting that allosteric interactions affecting activation gating of Kv channels can explain the novel positive allosteric modulation of an archetypical Kv channel by the inhaled anesthetic sevoflurane. This conclusion strongly supports the general notion of targeting the Kv channel activation gate for therapeutic applications with special emphasis on discovering novel allosteric activators, which may serve as specific anesthetics, antiarrhythmics and anticonvulsants Table S1 . Table S1 . The simulation assumed the transition rate constants depicted on the kinetic scheme, which were adjusted manually to yield the best-fit equilibrium constants shown in Fig. 3 .
